The photoabsorption spectrum of vinylchloride (C 2 H 3 C1) has been measured using synchrotron radiation and has been analyzed in detail between 8.0 eV and 12.0 eV photon energy. Valence to virtual valence and Rydberg transitions have been identified and classified. Tentative assignments were based on ionization energies as measured by He(I) and threshold photoelectron spectroscopy, as reported in the joined paper [1]. Many features have been identified as being members of vibrational progressions belonging to the observed Rydberg series.
Introduction
The energy and structure of the neutral as well as the ionic ground and excited states of ethylene and its halogenated derivatives are of considerable interest for understanding the gas phase photochemistry and ion chemistry of this class of compounds which play an important role in many fields of chemistry.
On the other hand, though having been the subject of extended investigations by several mass spectrometric and spectroscopic techniques, these compounds remain ideal molecular systems for the study of the influence of the position and nature of the substituent on the dynamics of isolated molecular ions and clusters [2, 3] . This requires the detailed examination of well-chosen members of these chemical compounds.
For these reasons, we were interested firstly in extending the spectroscopic data related to these molecular systems by investigating e.g. their photoabsorption spectrum. We started with vinylchloride (C 2 H 3 C1) for which the only known vacuum UV photoabsorption spectrum was published by Sood and Watanabe in 1966 [4] . We will report here on the photoabsorption spectrum of this molecular species between 8 and 12 eV photon energy. Photoionization experiments related to this molecule will be described in a companion paper [1] .
Experimental
In the experiment reported here, we used the vacuum UV light from the synchrotron radiation provided by the electron storage ring BESSY (Berlin). This light is dispersed by a 3 m normal incidence monochromator (3m-NIM-l line) equipped with a 2400 lines/mm Pt-grating. The entrance and exit slit widths were set at 50 µm to 200 µm depending on the signal intensity. The experimental resolution obtained in these conditions was estimated to be about 0.03 nm to 0.09 nm respectively. Owing to the second order contribution at low photon energy, LiF or MgF 2 windows were used in the 8.0-11.8 eV and 8.0-10.8 eV ranges respectively. The photon energy scale of the monochromator is calibrated with rare gas photoabsorption and/or threshold photoelectron spectra to reach an accuracy better than 2-3 meV. For this purpose, usually Ar and sometimes Xe are used.
The light beam is focussed into an ion chamber, in the focussing plane of a tandem electron spectrometer consisting of two 180° electrostatic deflectors, shown in Fig. 1 and used for photoelectron spectroscopic experiments. The photoelectron signal of a gold diode, inserted in the ion chamber, in front of the 3m-NIM monochromator exit slit is used to measure relative photoabsorption cross sections of a target gas filling the ion chamber at a known pressure. The collected photoelectron signal from the gold diode is recorded as a function of the photon energy. This signal is normalized to the blank spectrum obtained by measuring the photoelectron signal from the gold diode without sample gas in the ion chamber. During these measurements the power supplies of the electron spectrometer and the channeltron are switched off.
The C 2 H 3 C1 sample used in these experiments, purchased from Linde AG (99% purity), is introduced without further purification. The ultimate vacuum in the ionization chamber is about 10 -8 mbar. Unless otherwise stated, the 3m-NIM monochromator entrance and exit slit widths are 200 µm for the present experiment.
Experimental results
The vacuum UV absorption spectrum, recorded between 8.0 eV and 11.8 eV with MgF 2 and LiF windows, is shown in Fig. 2a -c in an expanded photon energy scale. The comparison of the spectrum obtained by Sood and Watanabe [4] with the present results reveals additional previously unresolved structures, e.g. in the energy regions around 8.5 eV or in the 9.1-9.5 eV photon energy range. Between the first and the second ionization limits (at 10.013 and 11.672 eV, respectively [1] ) numerous well-resolved features are observed. It must be mentioned that the former authors used a 1 m NIM monochromator equipped with a 1200 lines/mm grating and an LiF window. A H 2 discharge lamp was used as excitation source. 
Discussion

The valence transitions
The photoabsorption spectrum of C 2 H 3 Cl shows abundant sharp structures superimposed on broad bands. This is clearly illustrated in Fig. 3 displaying the overall spectrum observed from 8.0 eV to 12.0 eV using LiF and MgF 2 windows. This general shape leads us to assume that both valence excitations and Rydberg transitions contribute to the spectrum. This has already been observed in photoabsorption spectra of similar compounds, i.e. in the fluorochloroethenes [5] . This result is not easy to compare with the spectrum published on an extended wavelength scale by Sood and Watanabe [4] . However, more recently Sze et al. [6] investigated the electron energy loss spectrum of C 2 H 3 Cl. These authors mentioned also the presence of underlying valence to virtual valence transitions which would be consistent with the apparently rising background and overall intensity distribution in this photon energy range. Some of these bands were tentatively identified in the photoabsorption spectrum and characterized by 'maxima' labeled A to E in Fig. 3 . Several bands could be located successively at about 8.54 eV, 9.40 eV, 9.85 eV, around 10.3 eV, at 10.68 eV and at 11.56 eV. With the help of a term scheme shown in Fig. 4 , based on data published by Sze et al. [6] and on the photoelectron spectroscopic results obtained in this work (see Table 1 in the companion paper [1] ), an assignment could be attempted and the result is shown in Table 1. In the energy range investigated in this work, nearly all transitions predicted in this scheme seem to be observed.
The Rydberg transitions
In the energy range covered in the present study most of the Rydberg transitions can be classified and identified by using the series formula where E Rydb is the observed Rydberg energy, IE is the ionization energy, is the Rydberg constant (taken to be 13.605 eV), n is the principal quantum number and δ is the quantum defect associated with the Rydberg state. Its 9.47 p ┴ (Cl) → σ*(C-Cl) 9.80 σ(C-Cl) → σ*(C-Cl) 9.83 -9.85 p ┴ (Cl) → π*(C=C) 10.3-10. 7 10.18 σ(C-Cl) → π*(C=C) 11.56 11.63 5a' → σ * (C-Cl) -12.01 5a' → π*(C=C) value is essentially related to the nature of the Rydberg orbital. The ionization energies used in this formula are those determined in the present work, i.e. 10.013 ± 0.005 eV and 11.672 ± 0.005 eV respectively, corresponding to the ground state and first excited state of the molecular ion (see Table 1 in Ref. [1] ). As shown in Fig. 2a -c the fine structure has essentially been assigned to π → ns, np and nd and to p || (Cl) → ns, np and nd transitions, respectively. Nearly all features observed in the photoabsorption spectrum have been classified and assigned to vibronic Rydberg transitions. The energies and assignments of part of these features have been tabulated in Tables 2 and 3 for both the Rydberg series converging to the π -l and p || -l ionization continua. Most of these transitions are observed up to fairly high n values.
The comparison with previous photoabsorption spectroscopic work could only be made in the energy range of Rydberg transitions converging to the lowest ionization energy as shown in Table 4 (a). Except for the 3d state, there is fairly good agreement between the results published by Sood and Watanabe [4] and those obtained from the present spectrum, regarding both the energy levels and the assignment. In the former work R 1 R 2 and R 3 correspond to ns, nd and np Rydberg states respectively. The series convergence was determined to be 10.00 ± 0.01 eV, in very good agreement with the present He(I) and TPES photoelectron spectroscopic data (see the companion paper [1] ).
At the lower end of the photon energy range covered in this work, the first structures in the photoabsorption spectrum are observed between 8.006-8.207 eV and 8.333-8.531 eV. In both energy ranges they seem to correspond to vibrational progressions. However, the latter group shows fairly sharp features whereas the former exhibits more diffuse peaks. The effective quantum number characterizing the 8.006 eV and the 8.333 eV transitions is 1.926 and 2.018 respectively. Sood and Watanabe [4] mentioned (i) an R 3 (n = 2) series starting at 7.672 eV (61874 cm -1 ) with a vibrational progression extending up to about 8.156 eV (65785 cm -1 ) and (ii) a W state starting at 7.817 eV (63050 cm -1 ) with a complex vibrational structure extending up to 8.228 eV (66360 cm -1 ). These authors suggest that this latter progression involves non-Rydberg transitions. However, using five features observed between 8.006 eV and 8.207 eV effective quantum numbers ranging from 1.926 to 1.905 are calculated. This could suggest that these transitions already have Rydberg character. The effective quantum number of the sharply-shaped features starting at 8.333 eV oscillates between 2.018 and 1.993 (see Tables 3 and 6 ). As mentioned earlier in this section, the present data can be compared with electron energy loss spectroscopic results published by Sze et al. [6] . Table 4 (b) displays energy levels and assignments obtained by electron spectroscopy and the comparison with the present results. Despite a few differences of assignment, the energy levels in the two investigations correlate fairly well. On the other hand, Sze et al. [6] determined ionization energies by He(I) photoelectron spectroscopy. For the first two ionic states, energies of 10.16 eV and 11.64 eV were determined. They have to be compared with 10.01(3) eV and 11.67(2) eV obtained in this work. This discrepancy, particularly on the first ionization energy, can induce differences in assignments. Tables 5 and 6 show detailed information on several Rydberg transitions exhibiting vibrational progressions and converging to the first and second ionization continuum respectively. The vibrational fine structure in the ionic state is determined by He(I) and threshold photoelectron spectroscopy (see the companion paper [1] ). From both tables the assignment is made by gathering the features characterized by the same effective quantum number. This parameter is fairly constant for all observed vibrational progressions in the same Rydberg state. Table 5 show the excitation of three normal vibrational modes characterized by wavenumbers of 1 340 ± 90 cm -1 , 780 ± 80 cm -1 and 350 ± 70 cm -1 respectively as averaged over all the observed wavenumbers listed in the same table. These wavenumbers should be close to those of the C 2 H 3 Cl + ( X 2 A") ionic state. A normal mode analysis performed on this ionic state at the MNDO level [7] allows us to suggest the following assignment for the observed wavenumbers. The highest wavenumber of 1 340 ± 90 cm -1 corresponds to the v 4 normal mode consisting in a C=C stretching with a CH 2 scissoring contribution. The v 8 mode (CH 2 rocking, C-Cl stretching) corresponds to the 780 ± 80 cm -1 wavenumber, whereas the 350 ± 70 cm -1 can be assigned to the v 9 mode consisting in an in plane rocking of the CH 2 group. At the MNDO level, the excitation of these normal modes can be rationalized by analysing the geometry variations resulting from ionization to the X 2 A" state: a lengthening of the C=C bond (from 1.33 Å to 1.43 Å)) and a shortening of the C-Cl bond (from 1.75 Å to 1.69 Å). Based on the Franck-Condon principle, the normal modes involving both C=C and C-Cl stretching have to be excited. The observation of a lowering of the C=C stretching wavenumber with respect to the neutral molecule has to be related to the lengthening (or weakening) of this bond, whereas to the increase of the C-Cl stretching vibration wavenumber corresponds to a strengthening (or shortening) of this bond. Indeed, in the neutral molecule these quantities, corresponding to the same normal vibrational modes, are 1608 cm -1 , 720 cm -1 and 395 cm -1 [8] . Sood and Watanabe [4] reported wavenumbers of about 1300 cm -1 and 410 cm -1 in very good agreement with the present observations. The ω 8 = 780 ± 80 cm -1 was not mentioned by these authors.
Most of the Rydberg states listed in
Similarly, in Table 6 , Rydberg series were classified showing the excitation of two vibrational normal modes tentatively assigned to v 6 (H-C-Cl scissoring) and v 8 (CH 2 rocking, C-Cl stretching). As averaged over all the observed Rydberg series, except the 3s, the corresponding wavenumbers are ω 6 = 1020 ± 70 cm -1 and ω 8 = 450 ± 80 cm -1 . In the neutral molecule the wavenumbers corresponding to these normal vibrational modes are 1279 cm -1 and 720 cm -1 respectively [8] . No comparison could be made with previous results, Sood and Watanabe [4] mentioning "to be unable to make a satisfactory interpretation". Table 7 Energy levels (eV) of Rydberg series converging to the C 2 H 3 Cl + (A 2 Ã") state. Comparison between photoionization mass spectrometric results [9] and the present photoabsorption spectroscopic work. 10.98 11.05 11.076 11.001 11.160 11.29 11.20 11.25 11.259 11.223 11.310 11.35 11.36 11.370 11.346 11.43 11.445
Reinke et al. [9] measured the photoionization efficiency curve of C 2 H 3 Cl + and mentioned the presence of autoionization fine structure in the 10.3-11.6 eV photon energy range. They were able to classify and assign these features to ns-, np-and nd-type Rydberg series. These are shown in Table 7 and compared to the present results. The energy levels are in very good agreement with the present observations. Concerning the ns and nd assignment these authors suggest the reversed interpretation compared to ours. It must be emphasized at this point that this assignment is not unambiguous as the (n + l)s and nd Rydberg states are close in energy and can therefore interact. This will lead to a mixing of (n + l)s and nd characters. However, the extent of this mixing is impossible to estimate based only on experimental information at moderate resolution.
Conclusion
The investigation of the photoabsorption spectrum of C 2 H 3 Cl with the help of synchrotron radiation allowed us to extend the analysis and assignments to higher energies, i.e. to the second ionization limit. Rydberg series up to high principal quantum numbers are identified. For the first members, the vibrational structure is disentangled. This data analysis appears to be most important to examine the TPES-and CIS spectra.
